INTRODUCTION
The use of microarrays for genotyping and mutational analysis, in the context of bacterial identification using short DNA segments, requires a carefully chosen set of oligonucleotides tethered to the array. A basic element of oligonucleotide microarray design, especially microarrays for single nucleotide polymorphism (SNP) detection and analysis of closely related DNA sequences, is the use of relatively short oligonucleotide probes (15-25 nucleotides) . Discrimination of DNA sequences maximizing the instability caused by a single-base mismatch using short oligonucleotides sometimes lacks the required specificity. One approach to address this is called tiling, the use of short overlapping oligonucleotide probes (1-3) that provide high specificity through overlapping sequences. The effective use of such short probes in oligonucleotide microarrays relies on matching the melting temperature (T m ) of all the probes chosen for the array for effective and uniform hybridization.
The T m of a DNA duplex is defined as the temperature where one-half of the nucleotides are paired, and one-half are unpaired (4) . T m is typically measured as the midpoint of the spectroscopic hyperchromic absorbance shift during DNA melting. T m depends primarily on the DNA GC base content, cation concentration of the buffer, and the DNA double-strand length (4, 5) . Historically, the T m of DNA was predicted by formulas that account for differing GC content in various buffers (6) and the length of the oligonucleotide (4, 7, 8) . Currently, the most accurate prediction of T m for oligonucleotide DNA uses the thermodynamic nearest-neighbor model (9) (10) (11) . The nearest-neighbor model for nucleic acids assumes that the stability of a given base pair depends on the identity and orientation of neighboring base pairs. The basic assumption is that probe free energy can be calculated from the enthalpy and entropy of all nearest-neighbor pairs. Thermodynamic values for entropy and enthalpy of each possible matched nearest-neighbor pair have been determined (9-11) including dangling ends (12) and base mismatches (13) . Nearest-neighbor calculations for T m prediction are useful for microarray (14) design and for the selection of PCR primers and hybridization probes (15, 16) .
Another microarray application is the discrimination of closely related DNA sequences. Our approach for developing clinical microarrays for microbial identification (17, 18) is to choose gene families shared among microbial species to amplify by PCR using universal primers (degenerate) designed to anneal to conserved regions that straddle variable regions. The variable regions are used for microbial species identification on the microarray. To find such regions, the approach is based on multiple alignment using standard tools [e.g., ClustalX (ftp: //ftp-igbmc.u-strasbg.fr/pub/ClustalX/)] (19) to align the sequences.
Oligo Design, the program introduced here, is designed to simplify the development of primers and oligonucleotide probes for bacterial detection and identification and to provide tools for designing overlapping oligonucleotides with temperature-matched oligonucleotides (tiling).
MATERIALS AND METHODS
Oligo Design is Microsoft ® Windows ® -based (XP 2000) and is written in Visual Basic ™ . It incorporates a graphical user interface, is Internet-enabled (automatic connection to GenBank), and has on-line help. The program was developed based on a combination of laboratory experience and the literature on microarray and PCR methods. The program supports our ongoing research on bacterial identification and is constantly expanding as new needs are identified. We have performed continuous verification of the output of the program in support of active research. The current version of the program, version 1.3, is available free of charge at http://www.enme.umd.edu/ bioengineering/ and at the Software Library at http://www.BioTechniques.com.
Melting Temperature Calculations
The T m calculations are based on the nearest-neighbor thermodynamic and where and are the enthalpy and entropy terms associated with the n-1 pairs of neighboring nucleotides contained in the sequence of interest. R is the universal gas constant (1.987 Cal/mol • K). C t is the total molar concentration of single strands when oligonucleotides are self complementary or it is equal to one-fourth of this concentration when sequences are not self complementary (10) . The model assumes an equal concentration of the plus and minus strands. The program allows the user to input values for salt and oligonucleotide concentrations. The nearest-neighbor model is based on data for hybridization in free solution and thus must be used with some caution for predicting hybridization on a solid-surface microarray. One way to utilize the model for microarray analysis in lieu of solid-phase data is to assume that the relative stability found in free solution will be reproduced in hybridization on a surface.
Each of the nearest-neighbor papers cited proposes a different set of constants for the nearest-neighbor model. The program allows for any of these formulations to be selected from a pull-down menu. In addition to the nearest-neighbor models, two simplified models based on GC content are provided for reference. Note that these simplified models have substantial limitations compared to the nearestneighbor model.
In addition to the standard T m predictions for the denaturation of double-stranded Watson-Crick base paired DNA, the program includes a nearest-neighbor model for single-base mismatches (13, (21) (22) (23) (24) . This model is quite useful for designing microarrays for SNP detection.
The T m models allow the user to estimate the effects of various parameters on the microarray design. These tools provide significant insight over older methods that depended largely on the GC content to estimate T m . The program includes a tool designed to provide insight into the correlation between GC content and T m . This tool generates a large random set of sequences of a particular length and computes both T m and the GC content for each sequence (Figure 1 ). The T m is plotted in three complementary formats: (i) total number of oligonucleotides versus T m ; (ii) T m versus the GC content; and (iii) number of oligonucleotides versus T m at three particular GC fractions. The spread of the resulting data provides a very informative view of the influence of GC content, oligonucleotide length, and sequence on the T m .
Tiling Algorithm
Tiling is the use of overlapping oligonucleotide probes. Although tiling may be used for the optimal coverage of high-complexity DNA (25), our program is designed for the analysis of short oligonucleotide microarrays. To develop a tiled microarray for a specific gene, the user enters a target sequence for analysis using one of several input schemes (e.g., keyboard entry, cut and paste, or import from GenBank). After entry, the program scans the input sequence and computes the average T m for the user-selected oligonucleotide length to provide guidance for a reasonable target temperature. For tiling, the program steps through the input sequence and finds the oligonucleotide at each base position that most closely matches the target T m . The result of this initial pass is an array containing 
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the length of the temperature-matched oligonucleotide at each base position. The results of this calculation are plotted to ensure that the target T m and the oligonucleotide length range are reasonable for the input sequence.
The tiling calculation uses the data from the temperature-matched oligonucleotide calculation. The inputs to the tiling calculation are the nominal base offset and the allowable range in T m . The program steps through the temperature-matched oligonucleotide set using a step size equal to the nominal offset. At each step, the program searches in that vicinity to find the oligonucleotide that most closely matches the target T m and that meets the length range requirements. Once the program finds an oligonucleotide that meets the criteria, the program steps to the next position. If none of the oligonucleotides meet the criterion, then the program selects the one that comes closest and marks the error. The oligonucleotides resulting from the tiling calculation are displayed in a table along with various statistics. The results can also be printed and/or stored to a file for subsequent editing or direct transmittal to an oligonucleotide supplier. The results of the tiling calculation can be plotted in several formats that show the depth of redundant coverage at each base position.
As an example, a partial sequence for the 16S rRNA for Rhodococcus sp. was retrieved from the Internet by entering the GI number (27901578) in the Get Sequence window. This particular sequence is 1460 bp. When the sequence is initially downloaded, the FASTA header is included in the file. This can be removed by double clicking on the main text window. This sequence has a GC content of 58%, as shown in the sequence statistics in the main window. For an oligonucleotide ranging 15-25 bp, the average T m is 58.2°C.
The tiling calculation is initiated by selecting Tiling from the Analysis menu. This initiates the temperaturematched oligonucleotide calculation that takes several seconds, during which a progress monitor is displayed. When this preliminary calculation is complete, the tiling window is displayed. The tiling calculation results in a set of overlapping oligonucleotides that provides redundant coverage of the entire sequence. A plot of the coverage can be requested (Figure 2 ). In this case, a 249-bp region is plotted so that the individual oligonucleotides can be distinguished on the plot.
SNP Analysis
A growing range of SNP-detecting technologies based on microarrays can be found in the literature, such as minisequencing, solid-phase primer extension, and solid-phase PCR (26) . Because each of these technologies depends on DNA hybridization, the program described here is a useful tool for design and analysis.
The user can enter expected SNP locations via keyboard or file input. For multiple SNPs, file input is the most convenient. The program expects a simple input file format in which each SNP location is specified on one line. For each SNP location, the program finds a temperature-matched oligonucleotide that is straddling the SNP. Four such oligonucleotides are reported for each SNP location, with one for each possible base pair at that location.
For file input, all of the SNP locations are analyzed, and the output is stored in a file with a name derived from the input file. This file can be examined and edited by opening a text editor from within the program. The results from the SNP analysis can be appended to the results from the main tiling calculation to arrive at a complete design document for the array.
The program provides a calculation of the T m of each of the SNP-detecting oligonucleotides with a mismatch at the SNP position. This allows the user to estimate the sensitivity of the resulting array to distinguish between the various forms expected for the SNP. The user can readily investigate the influence of oligonucleotide length on the mismatch temperature difference.
Multiple Sequence File Analysis
A second major analysis feature of Oligo Design addresses the task of identifying and differentiating species and strains of bacteria on a microarray. This task is accomplished by first performing a multiple alignment on the various sequences of interest. We use ClustalX for this task (19) . The output of ClustalX is a multiple sequence file (MSF) that contains the aligned sequences. We perform two different types of tasks on the MSF file: (i) find conserved regions that allow a single set of degenerate primers to amplify all sequences of interest (universal primers) and (ii) within the region straddled by the primers, find unique signatures for each of the sequences. The first step in this analysis is to read an MSF file into the program. Once it is read in, a summary showing the number of sequences and the number of bases in the alignment is produced.
Find primers. The program analyzes the MSF and assigns a score to each base position within the alignment that represents the variation among sequences at that position. That score is then used to score oligonucleotides, of length input by the user, at each base position within the file. The resulting score represents the degree of identity between the given sequences and provides a good guide as to which primers can be chosen. The program reports degenerate primers using the International Union of Pure and Applied Chemistry (IUPAC) (London, UK) base designation convention. It computes the degeneracy and gives an option to insert inosine. The conserved regions are identified for both forward 
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and reverse primers, and the results are plotted and tabulated. The tabulated results can be printed or stored in a file.
Features in the primer selection algorithm include the ability to specify an exact match of a user-input number of bases at the 3′ end. At the 5′ end, the inputs can be set to ignore sequence differences that might significantly increase primer degeneracy while having little effect on the ability of the primers to anneal to the target sequences. These features can be adjusted based on user experience.
The most promising primers, both forward and reverse, are plotted and tabulated along with statistics for each. Depending on the particular set of sequences and the user inputs, this may result in a large number of promising primers. An example of the program output for a group of Staphylococcal enterotoxin genes is shown in Figure  3 , where approximately 10 forward and 10 reverse universal primer locations are identified. The T m reported in the primer selection table assumes Watson-Crick annealing; for degenerate primers with some mismatch, this value will be the upper-limit T m . The optimum hybridization temperature with degenerate primers must be determined empirically with the upper limit as a guide.
Find unique sequences. Once the primers have been chosen, then the task changes from finding conserved regions to finding sequences unique to each species that can be used for identification. The search is focused on the variable region between the flanking primers. The program automates this tedious task. For the enterotoxin example, 20 of 22 sequences can be clearly differentiated when the most widely spaced primer selection is chosen (data not shown). The ability to find unique sequences depends strongly on the particular sequences, the length of the amplified region, and the length of the probes. The T m of each of these probes is reported, providing the user with insight into the expected relative hybridization efficiency.
Additional Tools
In addition to the major tools described above, the program includes several minor tools, such as a PCR calculator and an audio sequence recital feature. The calculator window for determining PCR constituents is available from the Analysis menu. Although this is a simple calculation, it becomes tedious when multiple reactions are being prepared. The user inputs the total reaction volume and the stock and final concentrations of all the reactants, and the program calculates the volume of each reactant and the volume of the water.
Another useful feature is the audio sequence recital. This feature has been useful for verifying sequences between the hard copy and screen. The audio feature allows the user to focus on the hard copy, while the computer steps through the sequence. The user can specify the speed of recital over a range.
Internet Features
The program includes two Internet features. One is a built-in browser connected to Entrez that pops up and allows the user to search the entire PubMed and GenBank resource. If the user finds a sequence that they wish to analyze locally, the sequence can be copied and pasted into the text window in Oligo Design. This browser feature is useful for searching for unknown sequences and for allowing flexibility to search for related literature.
If the user already knows the sequence of interest (i.e., the GI number), then the second Internet feature allows single-click downloading of that sequence into the text window of the program. The sequence is downloaded in FASTA format, and the program includes a feature for stripping the FASTA header line and searching through the sequence for unexpected characters.
Future Work
Oligo Design is written as a set of supporting tools for our work on microarray-based bacterial identification. The program is under active develop- ment as new features are identified constantly. By making the program publicly available, we hope to expand the user base and obtain user feedback that will stimulate further refinement.
